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ABSTRACT           16 
Alternative Splicing (AS) generates multiple transcripts from the same gene, however AS 17 
contribution to proteome complexity remains elusive in plants. AS is prevalent under stress 18 
conditions in plants, but it is counterintuitive why plants would invest in protein synthesis 19 
under declining energy supply. We propose that plants employ AS not only to potentially 20 
increasing proteomic complexity, but also to buffer against the stress-responsive 21 
transcriptome to reduce the metabolic cost of translating all AS transcripts. To maximise 22 
efficiency under stress, plants may make fewer proteins with disordered domains via AS to 23 
diversify substrate specificity and maintain sufficient regulatory capacity. Furthermore, we 24 
suggest that chromatin state-dependent AS engenders short/long-term stress memory to 25 
mediate reproducible transcriptional response in the future. 26 
 27 
28 
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Regulation of Proteome Complexity by Alternative Splicing 29 
As sessile organisms, plants exert a tight control over their gene expression patterns under 30 
normal and stress conditions to maximise carbon fixation and resource allocation efficiency 31 
to promote growth and fitness in the short and long term [1]. AS adds another layer of 32 
complexity to modulate transcriptome diversity [2–4] and potentially proteome complexity in 33 
a tissue- and condition-dependent manner [5,6]. It is well established that AS often allows 34 
fine-tuning of gene expression by changing the ratios of productive and unproductive variants 35 
[7,8]. However, limited data is available on the contribution of AS to protein diversity in 36 
plants [5]. Recent transcriptome and translatome data from humans suggest a significant 37 
contribution of AS towards protein diversity [9–14]. However, relatively few alternative 38 
isoforms have been discovered in various proteomic studies that encode different proteins 39 
[15–19]. The scientific community is divided on this issue and some argue that poor 40 
sensitivity of Mass-Spectrometry (MS) techniques is a major limitation to detect changes in 41 
protein isoforms as a result of AS (Box 1) [18]. On the other hand, it is also proposed that not 42 
all alternative isoforms are biologically important, because alternative transcripts are 43 
generally a recent evolutionary innovation and under neutral selection [17]. Since limited 44 
proteomic data is available in plants, it is paramount to perform comprehensive proteomic 45 
studies in different tissues and in response to diverse stresses to illuminate the contribution of 46 
AS towards protein diversity and/or increasing regulatory capacity in plants. In addition, 47 
global analysis of translation patterns of splice isoforms needs to be studied in different 48 
tissues and stresses at multiple time points throughout the diurnal cycle.  49 
Transcription and translation are energetically expensive [20], nonetheless plants 50 
exhibit a higher level of AS under stressful conditions [21]. This scenario poses potential 51 
problems, for example, if the aim is to diversify the proteome then why plants should invest 52 
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in translation when photosynthetic capacity declines in stress conditions? Moreover, AS 53 
frequently generates transcripts harbouring premature termination codon (PTC+), which are 54 
degraded by the nonsense-mediated decay (NMD) pathway [22–24]. NMD is a cytoplasmic 55 
mRNA quality control mechanism that targets newly synthesised capped transcripts 56 
harbouring NMD+ features during the pioneer round of translation [25,26]. Interestingly, 57 
evidence from humans suggests that NMD is not restricted to the pioneer round of translation 58 
and could also be triggered for already translating mRNAs as a result of change in the cellular 59 
environment and/or needs [27,28]. Among all AS events, i ron retention (IR) is the most 60 
prevalent event in plants [22,23]. Most IR transcripts are predominantly sequestered in the 61 
nucleus under a particular stress or developmental stage for further processing upon cell 62 
requirement or degraded by the NMD pathway [29–32]. Some IR transcripts carry introns 63 
with features of protein-coding exons, which are termed as exitrons, and splicing of these 64 
exitrons affects protein functionality [6,33].  Exitrons and other types of splice variants can 65 
often lead to the formation of Intrinsically disordered proteins or regions (IDPs/IDRs) 66 
[6,34]. IDPs and IDRs lack fixed three-dimensional structure due to their amino acid 67 
composition, which prevents appropriate hydrophobic region formation [35]. Importantly, 68 
variation in the three-dimensional structure of proteins, as a result of AS and post-69 
translational modifications (PTMs), results in the diversification of substrate specificity and 70 
enhanced regulatory capacity [36– 9].       71 
 Although AS coupled to NMD plays a major role in regulating the Arabidopsis 72 
(Arabidopsis thaliana) transcriptome [40] and potentially protein levels, however, most of the 73 
PTC+ transcripts (IR and others) if translated, would produce truncated proteins (Figure 1) 74 
and create a very toxic environment to carry out the normal activity of the cell [41]. The 75 
efficiency of NMD during and after the pioneer round of translation is robust and most PTC+ 76 
transcripts are rapidly degraded upon their arrival in the cytoplasm [27,28,42]. Intriguingly, 77 
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NMD responses are dampened in both mammals and plants under stress conditions and this 78 
strategy may facilitate an appropriate response via translating some of the stress-responsive 79 
genes and splice variants [43]. We propose that under initial episodes of stress conditions, 80 
plants buffer against normal protein synthesis level via AS to decrease translation of a 81 
significant proportion of the transcriptome and produce the protein isoforms needed for 82 
adaptation to stresses. This strategy may allow plants to reduce their metabolic cost but also 83 
maintain a sufficient level of regulatory capacity via inclusion of alternative and disordered 84 
domains in stress-responsive proteins through AS. Although mechanistic details of such a 85 
process are not available in any organism at the moment, however, supporting evidence has 86 
just emerged from yeast. Two independent studies using yeast as a model have revealed that 87 
introns mediate fitness under stress conditions (nutrient starvation) by repressing ribosomal 88 
protein genes (for details see below) [44,45]. In addition, AS may not only diversify the 89 
regulatory capability of plant genes during initial stress episodes but also mediate crosstalk 90 
between a given metabolic state and protein diversity/abundance to cope with stressful 91 
conditions in the long term. Epigenetic modifications in plants such as DNA methylation and 92 
histone modifications define an epigenetic code that translates environmental stresses into an 93 
epigenetic footprint affecting cellular signalling network, and could also be recreated upon a94 
recurring stress in the same or future generations [46]. In this way, AS may also be involved 95 
in stress memory mediated by epigenetic codes [47,48] and only after repeated onsets of 96 
similar stresses, plants could employ AS to generate more protein diversity or preserve the 97 
regulatory control in the long term [36,37].  98 
Transcription and Splicing Dynamics in Plants 99 
Transcription is a fundamental process to orchestrate gene expression patterns in response to 100 
different developmental and environmental cues. Surprisingly, limited information is 101 
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available on the mechanism of transcription in plants [49]. Human promotors are GC-rich 102 
[49,50], whereas plant promoters are AT-rich and tend to inhibit nucleosome formation, 103 
promoting DNA flexibility and transcription factor recruitment [51]. Comparison of RNA-104 
seq and global run-on sequencing (GRO-seq) data sets in arabidopsis revealed a high 105 
correlation between nascent and steady-state transcripts [49]. Further, stable transcripts were 106 
associated with biological functions like translation, photosynthesis and metabolic functions. 107 
On the other hand, unstable transcripts had a higher representation of stimulus response 108 
genes, signal transduction, and hormones [49]. These results highlight that conserved genes 109 
associated with housekeeping functions are more stable compared with highly regulated 110 
transcripts. In view of these findings, it would be reasonable to speculate that AS transcripts, 111 
as a result of their dynamic nature, would be more suited for regulatory roles. Previous GRO-112 
seq data showed that plant promoters lack promoter-proximal pausing of RNA polymerase II 113 
(RNAPII) and divergent transcription, which are prevalent in humans as well as yeast and 114 
drosophila [49,52]. However, very recent GRO-seq and plant native elongating transcript 115 
sequencing (pNET-seq) experiments from arabidopsis indicate that RNAPII with an 116 
unphosphorylated carboxyl-terminal domain (CTD) indeed accumulates downstream of 117 
transcription start sites (TSS) [53]. However, promoter-proximal pausing in arabidopsis is 118 
much more loose (broad peak) compared with mammals where pausing occurs in a narrow 119 
window of 25-50 nt [53]. These findings indicate that efficient RNAPII recruitment, as well 120 
as release from promoter-proximal pausing is necessary for efficient transcriptional response 121 
in arabidopsis. Interestingly, plant promoters also show Ser2P CTD RNAPII accumulation 122 
adjacent to the 3’ polyadenylation site (PAS), suggesting the presence of a surveillance 123 
mechanism before transcription termination [53]. In vitro work in yeast proposed that 124 
RNAPII pausing after PAS may increase surveillance time and aid in mRNA degradation 125 
[54]. In addition, Ser5P CTD RNAPII elongates more slowly in exons compared with 126 
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introns to provide more time for the spliceosome to appropriately select splice sites in 127 
arabidopsis [53]. These data show that RNAPII CTD phosphorylation is a dynamic process 128 
and maybe even more important for sessile organisms like plants to maintain appropriate 129 
transcriptional and splicing dynamics under varied conditions. Since AS is largely co-130 
transcriptional, distinctive features of plant transcription (transcription initiation and 131 
TSS/PAS proximal RNAPII pausing) may have a bearing on the transcriptional, splicing, and 132 
processing dynamics before a transcript is released from the transcription and splicing 133 
machinery [49,53,55].  134 
Plant promoters have open chromatin structure compared with humans, however the 135 
relationship between DNA methylation and nucleosome occupancy in both species is very 136 
similar and may influence transcription and splicing processes mediated by RNAPII speed 137 
and splicing factors recruitment [56,57]. For example, recent evidence from arabidopsis 138 
shows that temperature-dependant AS correlates with changes at the chromatin level to 139 
regulate flowering time. Interestingly, Pajaro et al. have shown that H3 lysine 36 140 
trimethylation (H3K36me3) strongly mark genes (96%) that undergo AS upon increasing the 141 
temperature from 16°C to 25°C [58]. Moreover, H3K36me3 was shown to play a crucial role 142 
in regulating AS of the flowering-time gene  FLOWERING LOCUS M (FLM) upon elevated 143 
temperature [58,59]. In line with this data, the histone demethylase JUMONJI C 144 
DOMAIN-CONTAINING PROTEIN 30 (JMJ30) and its homologue JMJ32  remove 145 
the repressive H3K27me3 mark at the FLOWERING LOCUS C (FLC) to prevent 146 
precocious flowering at elevated temperatures [60]. Furthermore, dynamic chromatin 147 
landscapes under variable environmental and stress conditions have also been proposed to 148 
engender appropriate transcriptional and splicing responses in the short and long term 149 
[48,61]. Since plants continuously monitor their physiology and metabolism, we speculate 150 
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that cues from the environment during daily cycles of day and night, and RNAPII pausing 151 
near promoters and polyadenylation sites are important for appropriate transcriptional 152 
response and can also serve the role of a checkpoint that does not allow the release of newly 153 
synthesised transcripts before they are appropriately spliced, methylated and/or tagged for 154 
nuclear sequestration (transcripts with IR) and/or translation.  155 
The correspondence between transcript and protein abundance should be taken into 156 
consideration because different levels of correlation between mRNAs and proteins were 157 
found in multiple organs and tissues in arabidopsis [62]. In addition, arabidopsis plants 158 
exposed to the microbe-associated molecular pattern elf18 showed poor correlation between 159 
transcription and translation patterns [63]. A recent comprehensive study in maize also 160 
revealed that about half of the highly abundant mRNAs are not represented at the protein 161 
level [64]. Intriguingly, syntenic and orthologus genes between maize and sorghum showed 162 
high expression level and were nine times more likely to produce proteins compared with 163 
nonsyntenic genes [64]. These findings indicate that highly expressed and conserved genes 164 
are more likely to be translated. However, composition of certain splice variants can also 165 
affect their translational potential, for example, IR in the 3’ or 5’ UTR can introduce cis-166 
elements that influence stability or translation efficiency in humans [65]. Similary, it has been 167 
also demonstrated that plants use the 5’UTR as a sensor to to promote translation of some 168 
transcripts under stress conditions [66,67]. Therefore, any variation in the secondary structure 169 
of 5’UTRs via AS is likely to impact translational efficiency [66–68]. Furthermore, 170 
similarities in the cis-context and possibly the associated chromatin environment may also be 171 
important factors for mRNA and protein expression levels to achieve comparable gene 172 
expression and translation patterns between different species and/or growth or stress 173 
conditions. We posit that transcript variation may not be the sole controller of protein 174 
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diversity and abundance and plants may exercise a strong influence over these decisions 175 
taking into account their metabolic state, growth conditions, photosynthesis rates and status 176 
of sugar/starch reserves [69,70]. 177 
AS and Intrinsically Disordered Proteins/Regions: a way to regulate plants 178 
environmental fitness 179 
Intrinsically disordered proteins or regions were termed as the junk proteome, however recent 180 
evidence shows they control important cellular functions via transcriptional regulation, cell 181 
cycle, chaperone formation and enrichment of regulatory capacity especially under stress 182 
conditions (Figure 1) [71]. Interestingly, highly conserved enzymes are normally not 183 
enriched in IDRs, whereas multifunctional enzymes contain disproportionately long IDRs  184 
[37]. Additionally, most eukaryotic proteins involved in transcription and RNA processing 185 
exhibit strong enrichment in IDRs that function in the formation of membraneless organelles 186 
in cells such as nuclear speckles, heterochromatin domains, stress granules and processing 187 
bodies [38,72,73]. Interestingly, stress granules can sequester and protect both RNAs and 188 
proteins from stress-induced damage [74,75] and alter signaling pathways during stress as 189 
shown for mammalian/mechanistic Target of Rapamycin Complex 1 (mTORC1) [76]. Recent 190 
data from two yeast studies demonstrate that introns are essential to promote resistance to 191 
stress conditions via the nutrient sensing TORC1 pathway [44,45]. In the first study [45], 192 
introns were found to be essential to downregulate ribosomal protein genes (RPGs) under 193 
starvation conditions to promote fitness in the wild type strains. Conversely, intron-deletion 194 
strains failed to survive under these conditions due to upregulation of RPGs and respiration-195 
related genes, resulting in uncontrolled growth and starvation [45]. Intriguingly, excised 196 
introns, which are rapidly degraded under nutrient-rich conditions, accumulate as linear 197 
RNAs under stress conditions [44]. In the second study, deletion of these unusual 198 
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spliceosomal introns via the CRISPR-Cas9 system resulted in higher growth via TORC1 199 
mediated stress response as well [44]. The presence of intron-mediated regulation of growth 200 
response in a eukaryote (yeast) is remarkable and it is tempting to speculate that similar 201 
mechanism exists in higher eukaryotes like plants, for at least, a subset of growth and stress-202 
responsive genes.   203 
Biased distribution of nucleotides at splice junctions is important for spliceosome 204 
recognition, however, most nucleotides at splice junctions and among cis-regulatory 205 
elements, code for disorder-promoting amino acids (Lysine, Glutamic acid and Arginine) 206 
[77]. Interestingly, exonic splicing enhancers are more prevalent in exons encoding 207 
disordered protein regions compared to exons associated with structured regions in many taxa 208 
including plants [77].  Since most protein segments affected by AS are often intrinsically 209 
disordered, these likely confer additional regulatory capacity by not only changing the three-210 
dimensional structure but also their post-translational modifications (PTMs) to further 211 
diversify their function and substrate specificity in different cells under biotic and abiotic 212 
stress conditions in plants [36–39]. In general, the human proteome is more disordered, 213 
however genes involved in environmental responses are significantly more disordered in 214 
arabidopsis [78]. It is possible that the scheme of regulation via IDPs-AS-PTM is more 215 
relevant in plant species due to the prevalence of AS under stress conditions where a fine 216 
balance between photosynthesis, resource allocation, and acclimation response needs to be 217 
generated for adaptive responses and survival [37,79]. Under stress, plants display re-218 
arrangement of their chromatin structure, which might also affect co-transcriptional splicing 219 
outcomes and differential splice site selection and increase AS diversity [80]. Recently, it has 220 
been shown that in addition to a regulatory role, IDPs play a central role in organisation and 221 
assembly of many macromolecular membraneless organelles including speckles, processing 222 
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bodies, stress granules and chromatin domains [35,73,78]. Consequently, IDPs might be a 223 
result of this stress-dependent chromatin modulation to help plants adapt in the short term. 224 
Stress- and stage-dependent IDPs can explain how the environment is capable of modulating 225 
the three-dimensional structure and PTMs of their proteins via AS. Hence, it is possible that 226 
IDPs provide condition-specific and enhanced regulatory network of transcriptional, splicing 227 
and translational regulators, and chaperones required for fine-tuning gene expression and 228 
refining the proteome in a given tissue under stressful conditions (Figure 1). It has been 229 
proposed IDPs with AS and PTMs significantly contribute to the diversification of protein 230 
function and may also buffer against undesirable changes [37]. Furthermore, the presence of 231 
disordered regions in non-structural domains can aid neo-functionalization by evading the 232 
selection pressure that a protein with an altered structural domain would experience [36,37]. 233 
Translational Coincidence in Plants: The bright side of translation              234 
Plants employ their internal, 24-hour timer, the “circadian clock”, to synchronize daily 235 
activities to predictable changes in the environment [81], which provides a competitive 236 
advantage and maximizes productivity [82]. Evidence from previous studies shows that 237 
photosynthesis and starch synthesis rates during the day and resource mobilization to fuel 238 
growth during the night are tuned by the plant clock but are also dependent on the length of 239 
the photoperiod and growth in the previous night [83]. A prominent mechanism for clock 240 
control of physiological pathways is via the rhythmic regulation of RNA accumulation [81], 241 
including regulated AS [21,24,84,85]. Thousands of plant genes show rhythmic expression, 242 
with peaks across the day and night. These RNA rhythms (for mostly higher metabolic 243 
activity genes associated with photosynthesis, primary/secondary metabolism and pigment 244 
biosynthesis) interact with the photoperiod, where translation rate is higher during the light 245 
interval than in darkness [69,86]. Plants combine transcript rhythms and translational 246 
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regulation to tune protein expression in different photoperiods, via a mechanism called 247 
“Translational coincidence”. For RNAs peaking late in the photoperiod, the higher 248 
ribosome loading in the light interval only coincides with high mRNA levels during longer 249 
photoperiods. If the photoperiod ends before the RNA level rises, daily protein synthesis 250 
might, therefore, be lower. One way to increase levels of a protein under long photoperiods, 251 
as in summer, is to time a rhythmic peak of RNA synthesis late in the day (Figure 2) [86]. 252 
arabidopsis proteome analysis in different photoperiods revealed that enzymes involved in 253 
primary/secondary metabolism and photosynthesis were more abundant and plants show 254 
higher metabolic activity under longer photoperiods [86]. Hundreds of proteins with rhythmic 255 
RNAs peak late in the day were present at higher levels in these long photoperiod conditions, 256 
whereas proteins with morning-peaking RNAs were more abundant in short photoperiods.  257 
Since the timing of expression of a particular gene can influence its translation 258 
patterns, it is logical to ask whether the same relationship holds true for alternatively spliced 259 
transcripts. Indeed, light conditions regulate AS of SR30 pre-mRNA, which encodes a 260 
serine/arginine-rich protein involved in RNA splicing in arabidopsis, and influence their 261 
translation patterns [32]. One of the splice variants of SR30 (SR30.1) is rapidly generated 262 
upon exposure to light and exported to the cytoplasm for translation as evident from the 263 
abundance of SR30.1 protein [32]. In contrast, another splice variant, SR30.2 only appears in 264 
dark-grown seedlings and is enriched in nuclear fractions with poor representation among 265 
ribosome-associated transcripts. Interestingly, global analysis of AS in arabidopsis etiolated 266 
seedlings exposed to different wavelengths of light revealed that many events switch from 267 
probably unproductive variants in darkness to productive variants in light during seedling 268 
photomorphogenesis [7]. Similarly, RS31 gene encoding another serine/arginine-rich splicing 269 
factor in arabidopsis produces three isoforms under light conditions [87]. Of these, mRNA1 270 
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codes for the full-length protein and mRNA2 and mRNA3 are retained in the nucleus [87]. 271 
Interestingly, mRNA1 abundance considerably decreases under dark conditions without a 272 
significant drop in RS31 transcripts. Transgenic lines overexpressing mRNA1 show no 273 
phenotype under 16 and 8 hours of light and dark conditions, respectively, however result in 274 
yellowish and small seedlings under dark or low light intensity compared with WT or RS31 275 
mutants as a result of lower levels of chlorophylls a and b [87]. Interestingly, plants treated 276 
with a drug that blocks electron transfer from photosystem II to the plastoquinone pool, 277 
mimics the effect of darkness on RS31 AS, indicating that a retrograde signal travels from the 278 
chloroplast to the nucleus. These data suggest that down-regulation of mRNA1 under dark 279 
conditions via AS is crucial for normal growth and development of arabidopsis plants under 280 
changing light conditions. Importantly, signals from chloroplast controlling nuclear events 281 
and a complex mechanism like AS is intriguing and indicates that environmental condition 282 
can influence gene regulatory mechanisms to confer plant fitness. However, it is notable that 283 
such crosstalk may take a long time to develop, considering the evolutionary history of 284 
chloroplasts and photosynthetic systems [88,89]. Alternative splicing of SR30 and RS31 285 
genes can serve as a powerful model to understand why some splice variants appear only 286 
under variable environmental conditions and translated or retained in the nucleus. 287 
Additionally, these results support the notion that the metabolic state of a plant is closely 288 
regulated under different photoperiods and/or stress conditions, in part by altering which 289 
fraction of the transcriptome would be translated. Since AS transcripts are more abundant 290 
under stress condition, plants must tightly control what mRNA species will be translated to 291 
keep the metabolic cost of protein synthesis down [69,70]. It is therefore not surprising that a 292 
significant proportion of AS transcripts (IR) is either sequestered in the nucleus or degraded 293 
via the NMD pathway. Furthermore, since plants exhibit more protein translation under 294 
longer photoperiod (optimum energy supply) [86], we hypothesize that fewer proteins 295 
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(mostly IDPs) derived via AS under stress (limited energy supply) become a preferred choice 296 
to maintain essential regulatory control with minimum energy cost. Clearly, further work 297 
using ribosomal foot-printing and/or Mass Spec (see Box 1) techniques needs to be done to 298 
illuminate this phenomenon [90,91]. 299 
Concluding Remarks and Future Perspectives 300 
All life forms need to orchestrate their transcriptome patterns to produce an appropriate 301 
response under normal and stress conditions. However, plant transcriptomes need to promote 302 
efficient carbon fixation and its utilization during the diurnal cycle at different growth and 303 
developmental stages. Therefore, it is intriguing that plants generate more splicing variation 304 
under stress conditions to fine-tune their gene expression patterns. It is therefore unlikely that 305 
plants would produce more proteins under limited energy supply [63,64]. Additionally, AS 306 
transcripts can produce nonsense transcripts and would result in truncated proteins if 307 
translated [42,92–94] (Figure 1). Similarly, most IR transcripts, if translated, would produce 308 
proteins with IDRs and may not confer any specific function. However, most IR transcripts 309 
are trapped in the nucleus and thus remain untranslated [29]. Therefore, plants employ AS to 310 
not only alter their transcriptional response but also to influence proteome composition via 311 
sequestration of intron-containing RNAs and other alternatively spliced transcripts. It is also 312 
possible that similar to yeast [45], plant spliceosomal introns also play regulatory roles under 313 
stress conditions, however further work is needed to illuminate this phenomenon. 314 
Alternatively, plants may generate additional regulatory capacity via translating some of the 315 
AS transcripts that harbour IDRs in different transcription factors including clock genes, and 316 
splicing factors to confer enhanced regulatory capacity to interact with multiple partners, 317 
enzymes and their substrates [36,37,71,78]. This is reminiscent of Down syndrome cell 318 
adhesion molecule (Dscam) protein, which is required for neuronal connections in drosophila 319 
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[95]. Dscam gene can generate thousands of splice isoforms. Although, all splice isoforms 320 
share the same domain, variable amino acids with in the immunoglobulin (Ig) domains confer 321 
binding specificity and contribute to complex neuronal wiring [95,96]. In this way, isoform 322 
diversity provides each neuron with a unique identity to facilitate self-recognition, which is 323 
essential for neuronal wiring in drosophila [95,96]. 324 
We also propose that AS increases regulatory capacity in the short term but only 325 
contributes to protein diversity in the long term when different combinations have been tried 326 
over many generations and purifying selection has taken its course [37,77,97]. A recent study 327 
showed that plants possess splicing memory for heat stress and only previously primed plants 328 
with heat stress show a predicted AS response to the same stress again [47]. This short-term 329 
AS memory may be engendered through specific chromatin marks that in turn give birth to 330 
long-term adaptations mediated by chromatin landscape. This strategy provides 331 
spatiotemporal order and reproduction of a specific AS pattern under a similar condition, 332 
tissue and/or developmental stage [48]. Since chromatin state also mediates transcription and 333 
splicing dynamics [80,98,99], chromatin environment may not only mediate specific AS 334 
outcomes but could also serve as an epigenetic footprint to trigger a comparable response in 335 
the event of a similar stress in the future [47,48,99]. We envisage that understanding the 336 
transcriptional and translational dynamics of different AS transcripts in concert with 337 
associated chromatin marks, in different photoperiods and environmental conditions will be 338 
fruitful to understand the impact of AS on the alternative proteome. To fully appreciate the 339 
role of AS in gene regulation and protein diversity, we need to not only understand the 340 
chromatin context in which different AS patterns appear in the short and long term but also 341 
look at their partners by using yeast hybrid system and modified MS and LC-MS techniques 342 
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in a tissue and condition-specific manner among diverse populations and under different 343 
conditions (see also outstanding questions). 344 
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 583 
Box1: Limitations to Detect Alternative Isoforms at the Proteome Level      584 
In the shotgun proteomic analysis, proteins are first digested proteolytically into smaller 585 
peptides using trypsin and subsequently analysed by LC-MS/MS [100]. Trypsin, the most 586 
common enzyme used in Mass Spec cleaves at the C-terminus of lysine or arginine to 587 
produce peptides with optimal length and charge [100]. Peptides spanning exon-exon 588 
junctions provide direct evidence of splice variants at the protein level. Interestingly, lysine 589 
and arginine are the most enriched amino acids at exon-ending or exon-exon junctions of 590 
transcripts [101]. Exon-exon junctions are preferred sites for trypsin digestion, hindering 591 
detection of junction-specific peptides and identification of novel alternative splicing peptides 592 
28 
 
in the proteo-genomics analysis [102–104]. To overcome trypsin digestion limitations, 593 
specificity of five proteases including Lys-C, Glu-C, chymotrypsin, Asp-N, and Arg-C was 594 
evaluated recently [101]. Among these five enzymes, the highest number of detectable 595 
junctions including exon-ending and exon-exon junctions were observed in chymotrypsin 596 
digestion, making it a protease of choice in LC-MS/MS studies, especially to predict RNA 597 
splicing derived peptides [101]. Since different protein isoforms of the same gene may be 598 
localized in different tissues conferring diverse physiological outcomes, it would be useful to 599 
improve the sensitivity of current proteomic analysis methods. Alternatively, ribosome 600 
profiling/foot-printing along with next-generation sequencing (NGS) (Ribo-Seq), can be 601 
employed as an alternative strategy to use ribosome bound transcripts as a proxy for 602 
translation [91,105].  However, foot-printing data should be treated with caution as ribosome 603 
bound transcripts may not be translated as a result of ribosomal scrutiny during the pioneer 604 
round of translation [106]. In the future, quantitative Ribo-Seq and proteomic data from 605 
multiple tissues in the context of RNA-metabolism, degradation, and other features may help 606 
to improve the efficiency to detect translated transcripts.  607 
Legends 608 
 609 
Figure 1: A hypothetical schematic diagram showing fates of alternatively spliced 610 
transcripts under normal and stress conditions in plants. AS generates multiple 611 
transcripts under normal (N1-N4) as well as stress (S1-S5) conditions. Constitutively spliced 612 
transcripts (N1 and S1) and alternatively spliced PTC- transcripts (N3 and S2) are translated 613 
into functional protein isoforms (FPs) and intrinsically disordered proteins (IDPs). 614 
Alternatively spliced PTC+ transcripts (N2, N4, S3, and S4) are either degraded via the NMD 615 
pathway (N4 and S4) or escape NMD (S3) to generate truncated proteins (TPs). Although 616 
present in both conditions, FPs are more abundant under normal conditions, whereas TPs and 617 
IDPS constitute the majority of stress-induced proteome.  618 
 619 
 620 
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 621 
Figure 2. Translational coincidence upon photoperiod length and long-term changes. 622 
Under long photoperiods (day-time represented by yellow colour), plants translate a higher 623 
proportion of their transcriptome to produce more proteins, to support a higher degree of 624 
metabolic activity. However, under a short photoperiod (evening and night-time represented 625 
by light and dark blue colour, respectively), ribosome loading and translational efficiency are 626 
reduced as a result of lower demand. In this way, plants may modulate their proteome using 627 
the same transcriptomic pool upon varied physiological needs. Moreover, during different 628 
growth stages (A-B-C), the relationship between transcript abundance and protein diversity 629 
may not be linear to maintain desirable cost to benefit ratio and regulatory capacity. 630 
 631 
GLOSSARY 632 
Alternative Splicing: A gene regulatory mechanism that produces different messenger-633 
RNAs (mRNAs) from a single gene via inclusion and/or exclusion of exons or introns fully 634 
or partially in different transcripts.  635 
Mass-spectrometry (MS): An analytical technique to identify small molecules and 636 
macromolecules (including proteins) on the basis of mass to charge ratio. 637 
Liquid chromatography-MS (LC-MS): A technique that combines the power of liquid 638 
chromatography for sample ionization/physical separation with MS. 639 
Intron Retention: An alternative splicing event that retains an intron in the transcript. 640 
Intrinsically Disordered Proteins: Proteins that lack well-defined globular three-641 
dimensional structures and frequently interact with or function as hubs in protein interaction 642 
networks. 643 
Intrinsically Disordered Region: Some proteins completely disordered, whereas others only 644 
harbour disordered sequences, referred to as intrinsically disordered regions (IDRs). 645 
Translational Coincidence: Differences in the rates of protein synthesis across photoperiods 646 
that explain the changes in the coincidence of rhythmic RNA expression with light resulting 647 
in higher rates of translation. 648 
Photosystem II: First protein complex located in the thylakoid membrane of chloroplasts that 649 
uses energy from sunlight to extract electrons from water molecules. 650 
Plastoquinone: Carriers of electrons in Photosystem II that establish the electron transport 651 
chain during photosynthesis.  652 
GRO-seq: Global run-on sequencing is a technique in which actively transcribing nascent 653 
RNAs are sequenced using next-generation sequencing platforms. 654 
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pNET-seq: Plant native elongating transcript sequencing is a technique that involves 655 
isolation of the 3’ ends of actively transcribing genes via immunoprecipitation of the RNA 656 
polymerase II complex, to precisely map RNAPII position and is followed by next-generation 657 
sequencing. 658 
Ser2(5)P CTD: The C-terminal domain (CTD) of the RNA polymerase II is  dynamically 659 
phosphorylated during transcription via different phosphorylation patterns that help recruit 660 
required mRNA processing and histone modifying factors. Serines 2 (Ser2) and Ser5 are 661 
major phosphorylation sites in the CTD domain. 662 
CRISPR-Cas9 system: CRISPR-Cas9 (clustered regularly interspaced short palindromic 663 
repeats and CRISPR-associated protein 9) is a naturally occurring bacterial derived genome 664 
editing system. CRISPR-Cas9 system allows insertion and deletion of genomic regions with 665 
greater precision than previously available methods. 666 
 667 
 668 
 669 
 670 
 671 
OUTSTANDING QUESTIONS  
1. To which extent alternatively spliced transcripts are engaged with the ribosomal 
machinery (partly known) and translated into proteins? 
2. How do plants couple their AS events to photoperiodic changes to modulate their 
proteome upon physiological need through IDPs? 
3. What is the impact of chromatin state on transcriptional dynamics, alternative 
splicing, epitranscriptome and translational efficiency of transcripts in plants?  
4. To which extent PTC+ transcripts make truncated but functional proteins? 
5. Similar to yeast, is there any regulatory role of plant spliceosomal introns under stress 
conditions? 
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